The tetrapod forelimb is one of the most versatile structures in vertebrate evolution, having been coopted for an enormous array of functions. However, the structural relationships between the bones of the forelimb have remained largely unchanged throughout the 375 million year history of Tetrapoda, with a radius and ulna made up of elongate, paralleling shafts contacting a series of shorter carpal bones. These features are consistent across nearly all known tetrapods, suggesting that the morphospace encompassed by these taxa is limited by some sort of constraint(s). Here, we report on a series of three-dimensionally preserved fossils of the smallbodied (<1 m) Late Triassic diapsid reptile Drepanosaurus, from the Chinle Formation of New Mexico, USA, which dramatically diverge from this pattern. Along with the crushed type specimen from Italy, these specimens have a flattened, crescent-shaped ulna with a long axis perpendicular to that of the radius and hyperelongate, shaft-like carpal bones contacting the ulna that are proximodistally longer than the radius. The second digit supports a massive, hooked claw. This condition has similarities to living ''hook-and-pull'' digging mammals and demonstrates that specialized, modern ecological roles had developed during the Triassic Period, over 200 million years ago. The forelimb bones in Drepanosaurus represent previously unknown morphologies for a tetrapod and, thus, a dramatic expansion of known tetrapod forelimb morphospace.
The tetrapod forelimb is one of the most versatile structures in vertebrate evolution, having been coopted for an enormous array of functions. However, the structural relationships between the bones of the forelimb have remained largely unchanged throughout the 375 million year history of Tetrapoda, with a radius and ulna made up of elongate, paralleling shafts contacting a series of shorter carpal bones. These features are consistent across nearly all known tetrapods, suggesting that the morphospace encompassed by these taxa is limited by some sort of constraint(s). Here, we report on a series of three-dimensionally preserved fossils of the smallbodied (<1 m) Late Triassic diapsid reptile Drepanosaurus, from the Chinle Formation of New Mexico, USA, which dramatically diverge from this pattern. Along with the crushed type specimen from Italy, these specimens have a flattened, crescent-shaped ulna with a long axis perpendicular to that of the radius and hyperelongate, shaft-like carpal bones contacting the ulna that are proximodistally longer than the radius. The second digit supports a massive, hooked claw. This condition has similarities to living ''hook-and-pull'' digging mammals and demonstrates that specialized, modern ecological roles had developed during the Triassic Period, over 200 million years ago. The forelimb bones in Drepanosaurus represent previously unknown morphologies for a tetrapod and, thus, a dramatic expansion of known tetrapod forelimb morphospace.
RESULTS
Since its origin over 375 million years ago as a support strut for largely aquatic early tetrapodomorphs [1, 2] , the tetrapod forelimb has been adaptive with subsequent modifications for walking [3] , digging [4] , specialized grasping [5] , flying [6] [7] [8] , and swimming [9] [10] [11] . Despite this variety, key structural relationships are maintained in the bones of nearly all known tetrapods. Among these is the structure of the zeugopodium and its relationship to the autopodium; in almost all taxa, the radius and ulna form proximodistally elongate, subparallel shafts of subequal length that distally contact a series of proximodistally shorter carpals [1, 12, 13] . The persistence of these morphological features across such a wide range of organisms is consistent with traits deemed to be under evolutionary constraint [14] .
The Late Triassic reptile Drepanosaurus unguicaudatus represents the most dramatic deviation from this pattern among terrestrial and nearly all aquatic tetrapods. Drepanosaurus is a member of Drepanosauromorpha, a group of Triassic reptiles with lizard-like body proportions and elongate, slender digits likely adapted for specialized grasping [15] [16] [17] . Known from a single, heavily crushed specimen from the Upper Triassic (Norian) Calcare di Zorzino of Italy, the distorted forelimb elements of the Drepanosaurus type specimen suggest a construction utterly unlike the standard tetrapod condition ( Figure 1A ). In this specimen, the humerus distally contacts two bones with long axes oriented perpendicular to one another: one proximodistally elongate and hourglass shaped, and the other flattened and crescent shaped. The crescent-shaped bone makes contact with an elongate, shaft-like bone or pair of bones. Unfortunately, the crushing of the holotype obfuscates the homologies of the bones. A number of conflicting hypotheses have been offered for their homologies ( [16, 18, 19] ; see supplementary appendix 1 in Supplemental Experimental Procedures), each suggesting a distinct type of modification (e.g., extreme radioulnar asymmetry, interpolation of neomorphs). Drepanosaurus possesses a highly divergent forelimb, but we lack the critical homology statements needed to understand the nature of that divergence.
Here, we describe articulated, three-dimensionally preserved forelimbs and isolated forelimb bones of Drepanosaurus from the Upper Triassic (Norian) Hayden Quarry (Chinle Formation, Petrified Forest Member) of New Mexico, USA ( Figure 1C ) (detailed stratigraphic data can be found in supplementary appendix 2 in the Supplemental Experimental Procedures, and a complete listing of recovered fossils can be found in Table S1 ). The exceptional preservation allows detailed comparisons with other diapsid reptiles, allowing us to develop a homology statement for the Drepanosaurus forelimb. The three-dimensional preservation of these specimens indicates that the forelimb differs greatly from that in all other tetrapods ( Figures 1B, 1D , and S1) and also allows initial investigation into the range of motion in the Drepanosaurus forelimb, supporting comparisons with extant tetrapods specialized for ''hook-and-pull'' digging [24] .
Osteology
We discovered two partially articulated Drepanosaurus forelimbs (GR 736, 737) and dozens of isolated forelimb elements in the Hayden Quarry (abbreviated HQ throughout). The site preserves large numbers of well-preserved small tetrapod fossils, representing numerous taxa [25] [26] [27] . Most Drepanosaurus forelimb bones, excluding the second manual ungual, exhibit thin cortical bone (<100 mm in the humerus GR 740; Figures 2 and S2) supported internally by slender trabeculae. Consequently, some elements are slightly crushed, although their articular surfaces remain largely undistorted (Figure 2 ). Nonetheless, they retain more anatomical information than the holotype of Drepanosaurus. We mCT (micro-computed tomography) scanned GR 737 and digitally reconstructed the bones to better study and visualize the morphology of the forelimb elements (detailed methods in supplementary appendix 3 in the Supplemental Experimental Procedures).
We infer some of the ranges of motion (ROMs) of forelimb joints in Drepanosaurus based on the well-defined articular surfaces. In the absence of data on the cartilaginous joints that were present in the living organism, it is important to stress that the bony articular surfaces can only suggest maximum ROM [28, 29] . However, the contact positions between articulated elements correspond to one another so closely that it implies only a small quantity of intercalating soft tissue, as any substantial amount of cartilage would prevent the fitting of convex articular surfaces into corresponding concavities. Thus, the bony surfaces do provide constraints on the ROM.
A small fragment of the glenoid fossa, preserved with GR 737, was identified based on comparisons to a complete pectoral girdle from the nearby Coelophysis Quarry (Chinle Formation, ''siltstone member,'' [30] ). In both specimens, the fossa sits on the lateral surface of the pectoral girdle, and it is bordered by laterally projecting dorsal and ventral margins, suggesting that the limb was oriented laterally in anatomical position and that motion at the shoulder was limited to protraction and retraction of the arm. This contrasts with the posterolateral orientation ancestral for diapsids and most other drepanosauromorphs [15, 31] .
The humerus is proximodistally short and transversely broad, relative to the drepanosauromorphs Megalancosaurus and Vallesaurus. The proximal head is transversely narrow and corresponds closely to the dimensions of the glenoid (Figure 2A ). The deltopectoral crest extends proximodistally for more than half the total length of the bone, but it does not project far from the shaft. Both epicondyles are broad, originating near the midshaft of the humerus ( Figure 2C ), indicating extensive development of digital flexors and extensors [32] . Near the proximal margins of the epicondyles, the entire distal end of the bone curves anteriorly. The large radial condyle is ovoid and located primarily on the anterior aspect of the humerus, whereas the ulnar condyle is smaller and situated distally.
The radius is a simple, hourglass-shaped bone, with a dorsoventrally broad and elliptical cross-section at midshaft (Figure 2B) . The proximal articular surface is tall and ovoid, conforming to the radial condyle of the humerus. There is a tab-like process of the proximal articular surface that fits into a corresponding notch on the dorsal portion of the ulna. This tight articulation would allow little to no pronation or supination. The distal articular surface of the radius forms a laterally flattened semicircle. The surface is concave and rimmed by a thin margin on all sides except the lateral surface.
The ulna exhibits an anteroposteriorly broad, paper-thin (300 mm in GR 731), crescent-shaped body between the proximal humeral articulation and the distal carpal articulation (Figure 2E) . Proximally, the ulna has deep cotyles conforming to the humeral condyles, with surfaces for the radial and ulnar condyles divided by a thin ridge. The articular cotyle for the radial condyle in the HQ Drepanosaurus is substantially wider than that of the ulnar condyle, coincident with the relative elaboration of these condyles in the humerus. The very tight articulation between ulna, radius, and humerus indicates that motion at the elbow was restricted to flexion and extension. On the anterior surface of the ulna, just distal to the humeral articular surface, there is a triangular concavity that accommodated the proximal expansion of the radius. The distal articular surface of the ulna is strongly convex, dorsoventrally tall, and ovoid. The interlocking contact with the radius, combined with the shape of the ulna, forces the forearm and hand into a perpetually flexed state (Figure 2) .
A large radiale articulates with the distal end of the radius ( Figure 2B ) (preserved in GR 737). The proximal articular surface is strongly convex and semicircular, indicating a tight articulation with the distal end of the radius. Distally, the radiale comprises a distally tapering cone. At its distal tip, this cone expands abruptly into a dorsoventrally flattened tab. The dorsal surface of the conical portion of the radiale is subtly convex along its length, whereas the palmar surface exhibits a deep pit. The post-axial surface forms a thin margin along the length of the conical portion, whereas the preaxial surface is marked distally by an oblong, bipartite contact surface. The post-axial margin of the distal tab is an irregular, flattened articular surface.
The ulna distally contacts a pair of carpal bones, which we identify as the intermedium and ulnare, based on the similar contacts in other tetrapods [32, 33] . Both are slender and proximodistally longer than the radius ( Figure 2F ). The proportional length of these carpals is unprecedented among tetrapods. Among other drepanosaurids, the intermedium and ulnare are subtly elongated in Megalancosaurus preonensis ( Figure 3F ; [12, 16, [20] [21] [22] [23] ). In Drepanosaurus, the intermedium is elliptical in Table S1. cross-section and expanded at both ends. The proximal articular surface is roughly subcircular, broader than the oval-shaped distal ulnar convexity. It is likely that some rotation was possible at this joint, but in the absence of a fully articulated carpus, the nature of that rotation is unclear. The shaft of the intermedium is heavily curved, arcing laterally along its length. The distal end of the bone is fused to a three-lobed distal carpal ossification. The central lobe of this carpal is large and angled dorsally. The ulnare is dorsoventrally compressed and parallels the intermedium along its length. The proximal surface forms a broad articular concavity for the distal end of the ulna. There is an additional small facet laterally where the intermedium contacted the ulnare. Distally, the ulnare possesses a small, elliptical facet that forms the joint for the distal carpal.
The central lobe of the distal carpal articulates with a transversely broad, dorsoventrally flattened metapodial ( Figure 2G ), which we identify as the second metacarpal (associated with the other limb elements in GR 736 and 737). These are among the most common isolated microvertebrate fossils in the HQ. In each element, an elliptical proximal articular concavity, fitting over the primary convexity of the distal carpals, is framed by two proximally projecting tubera. The distal articular surface is ginglymoid, forming a hinge joint with the second manual ungual. Ligament pits are present on either side of the distal articular surface and are flanked proximally by laterally expanded tuberosities that extend proximally as low ridges ( Figures 2G, 3B, 3C , and S3). The ungual is extremely large relative to the other forelimb bones, ventrally hooked at its distal tip, transversely compressed, and dorsoventrally tall ( Figure 2D ). The ventral surface of the ungual has a deep, distally tapering concavity that is framed by two elongate, distally tapering tubera. This concavity terminates at a large, hemispherical flexor tubercle just proximal to the primary curvature of the claw. The proximal margin of this tubercle exhibits two deep pits, likely for the m. flexor digitorum longus [32] . We reconstruct the HQ Drepanosaurus with a complement of five manual digits (Figure 2 ) based on the Drepanosaurus holotype (MCSNB 5728) and the association of small phalangeal fragments with both GR 736 and 737.
Phylogenetic Analysis
We integrated the HQ forelimb fossils into a novel phylogenetic analysis (supplementary appendix 4 in the Supplemental Experimental Procedures) including all named drepanosauromorph taxa preserving complete forelimbs, a number of Permo-Triassic diapsids, and extant lepidosaurs (results in Figure 3) . The results strongly support the HQ fossils as the sister taxon of Drepanosaurus unguicaudatus. We thus refer these HQ specimens to Drepanosaurus, but the incompleteness of the fossils and the differences in preservational quality preclude referral to the same species.
DISCUSSION
The articulated, three-dimensional HQ Drepanosaurus material supports a homology hypothesis that the radius and ulna do not parallel one another and that the post-axial proximal carpals (intermedium and ulnare) have undergone substantial proximodistal elongation as suggested by past authors [15, 16] . The subtly elongated ulnar carpals in Megalancosaurus, here recovered as the sister taxon of Drepanosaurus, suggest an intermediate condition preceding the hyper-elongation in that taxon. The asymmetry in the proximodistal length and shape of the radius and ulna in Drepanosaurus is unique among extant and extinct tetrapods. However, this hypothesis does not require the interpolation of an accessory ossification in between the primordial humerus and ulna as suggested by [16] . The homology hypothesis supported here is thus consistent with the digital axes proposed by Shubin and Alberch [33] . Studies of extant tetrapod limb development illustrate that the cartilaginous precursors of the zeugopodial bones and carpals determine the shapes of those bones early in embryonic development [34] [35] [36] [37] [38] [39] [40] , and, therefore, the extreme modifications in Drepanosaurus were likely established very early in its development.
The phylogenetic hypothesis presented here is congruent with those of Senter [41] and Renesto et al. [16] . Our phylogeny offers an evolutionary hypothesis for the morphological changes preceding the forelimb modifications in Drepanosaurus ( Figure 3 ). As in most early reptiles, the two earliest-diverging drepanosauromorphs, Hypuronector and Vallesaurus, exhibit parallel radii and ulnae subequal in length and an ancestral manual phalangeal formula (2-3-4-5-3) ( Figure 3F ). From this ancestral condition, the common ancestor of Megalancosaurus and Drepanosaurus evolved a foreshortened ulna with a concomitant elongation of the intermedium and ulnare and reduction of phalangeal number ( Figure 3G ). Subsequently, in the common ancestor of Drepanosaurus unguicaudatus and the HQ Drepanosaurus, the forelimb became more robust, the ulna took on its crescent shape and developed its perpendicular orientation to the radius, and the second digit, including the ungual, enlarged significantly ( Figure 3H ). This phylogenetic pattern indicates that a reduction in phalangeal mobility in drepanosauromorphs preceded the major modifications to the zeugopodium.
The high quality preservation of the HQ fossils allows reexamination of the past functional hypotheses for the Drepanosaurus forelimb. Based on the holotype, Renesto [19] and Renesto et al. [16] made favorable comparisons to the arboreal silky anteater, Cyclopes didactylus. They noted two sets of specializations: (1) arboreality, as evidenced by elongate, grasping pedal digits and a tail tipped with a claw-like terminus and (2) digging focused on breaking substrates, as evidenced by the hypertrophied manual ungual. Extant anteaters employ a specialized forelimb action termed hook-and-pull digging to break open insect nests with their massive third manual digits [24] .
Following Kley and Kearney [24] , hook-and-pull digging is a two-step process involving (1) the flexion of an expanded manual ungual into a crack in a substrate and (2) the retraction of the entire forelimb, with the forearm and manual claw maintaining flexion to tear into that substrate. The bony morphology of digit II and the individual forearm bones in Drepanosaurus indicate restrictions to range of motion and muscle attachments favorable to both actions (Figure 4 ; [42] ). The preserved articular surfaces of the scapulocoracoid and humerus suggest motion limited to protraction and retraction of the forelimb (Figure 4) . Five key articular features of the forelimb of Drepanosaurus indicate a restriction in range of motion comparable to the condition in Cyclopes (Figure 4) . Moreover, the massive expansion of the humeral epicondyles and large attachments on the enlarged ungual indicate massive flexor and extensor musculature in the arm and manus. Indeed, the massively broadened ulna so distinctive of Drepanosaurus may have supported expanded manual flexor and extensor muscle masses. This suite of characters in Drepanosaurus corroborates the hypothesis that the animal engaged in a specialized activity otherwise known in anteaters.
The plants of the Chinle Formation hosted diverse terrestrial arthropod communities [43] [44] [45] that suggest likely food sources. The presence of this hyper-modified forelimb anatomy and specialized ecomorphology in Drepanosaurus during the Triassic Period further highlights the high degree of morphological disparity accompanying the ecological diversification of Diapsida at that time [46] [47] [48] [49] . Between the occurrence of Drepanosaurus in the Triassic and the appearance of specialized digging mammals in the Cenozoic [50, 51] , no other vertebrate groups are known to have explored this remarkable ecomorphology. As such, it reinforces the importance of the Triassic Period as a time when ''modern'' terrestrial ecosystems first evolved, not only in terms of the origin of extant lineages but also in the origin of many diverse ecological roles we observe today.
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